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President-S. COCHRANE SHANKS, M.D., F.R.C.P., F.F.R. [Novemher 18, 1949] DISCUSSION ON THE CHEMICAL FACTORS MODIFYING RADIO-THERAPEUTIC RESPONSE Dr. Frank Ellis (London Hospital): Radiotherapy is in its third stage of development.
The first stage was one of empiricism both as regards dosage and biological observations. The second saw the establishment of a unit of dosage and the development of physical methods for measurement so that chemical and biological results could be compared. Now we are achieving some degree of understanding of the chemical effects of radiation and a wider knowledge of the way in which radiation has its effects on living tissues. As a result of this increasing comprehension we may hope to use radiation with more insight so that the margin between the tolerance of normal tissues and the sensitivity of malignant cells to radiation may be increased, and we may attempt to condition malignant cells so that they are destroyed by smaller doses of radiation than are now used. The two methods available to us are the adjustment of the time-intensity relations of methods of treatment and the use of chemical substances. Both these devices must be dependent on the mode of action of penetrating radiations.
The action of ionizing radiations is not specific and in aqueous solutions most of the energy is absorbed in the solvent. The number of molecules of solute changed by the radiation is proportional to the number of ion-pairs formed by the radiation and thus to the dose of radiation absorbed (Fricke, 1934; Dale, 1942) . This was demonstrated by Dale using purified enzymes in dilute solution and led Allsopp (1944) to suggest that the radiation produced its effect on the enzymes through activation of the water. From the activated water molecules the solute receives the energy which results in detectable chemical change. The presence of some other substance in solution either independent of, or derived from, the original substance may protect the latter from the effect of the radiation, and the amount of change which it undergoes is no longer linearly proportional to the dose absorbed but follows an exponential law as was shown by Dale. He was able to demonstrate the different protective effects of various organic and inorganic substances. With very low or very high concentrations, also, the effect is not proportional to dose because some of the "activated water" does not meet with a solute molecule in the first case, and because an appreciable proportion of the solute molecules is affected directly by the radiation in the second case. The hypothesis that the formation of hydrogen peroxide was the responsible factor was disproved by the demonstration that the yield of hydrogen peroxide when water is irradiated could only take place in the presence of dissolved oxygen, but was not dependent on the amount of oxygen dissolved. Weiss (1944) suggested that the water is decomposed by radiation into hydrogen atoms and hydroxyl radicals, and Lea (1947) has given us quantitative estimates of the relative distribution of the hydrogen and hydroxyl radicals. The important point is that owing to the relatively great distance which an electron travels from the site of ionization, as compared with the path of the positive ion, the resultant radicals are differently distributed and so do not recombine at once to form water. It has been shown (Wegmuller, 1942) that ethylene bromide and also thymonucleic acid can only be affected by radiation in the presence of a certain minimum amount of water representing thousands of molecules of water to each molecule of the dissolved substance. Read (1948) has suggested that if an ionizing particle JUNE-RADIOL. 1 passes through a chromosome the separation of charge may give rise to tensions of the order of l05dynes/cm2 along the chromosome which might produce breaks at weak points. Chromosome breaks have been demonstrated histologically and Lea (1946) has demonstrated the validity of the target theory for these effects of radiation although the chemical theory also fits the facts. Perhaps there is no fundamental divergence between the two theories if one assumes that a hydroxyl radical set free within a certain definite neighbourhood of a chromosome is a "hit". In any case Waters (1947) has suggested that a molecule will break, not necessarily at the point of initial absorption of energy, but at its weakest point. He also considers that radicals such as the OH radical might be quickly changed in type so as to have less free energy and therefore more selective action. Reactions with OH, NH, SH and C=C groups are known to occur. Further he does not consider that any active radicals produced outside a cell would enter it. They would react with the cell wall. Nevertheless radiation can produce radicals inside the cell and even by direct action, in an enzyme, which might result in an abnormal type of enzyme giving rise to abnormal reactions. These reactions provide a reasonable mechanism for chromosome changes both visible and invisible, and for cytoplasmic changes both primary and secondary to other changes in the cytoplasm and in the cell membrane. The changes in appearance of cells and their behaviour at mitosis follow on the above changes. Certain specific facts have been observed, both chemical and histological, which might indicate the way in which chemical factors will influence response to radiation. For instance it has been shown (Frilley, 1947) that in addition to the yield of H202 by radiation of water being increased as a result of the presence of dissolved oxygen, there is also a systematic increase with rise in hydrogen-ion concentration (i.e. increased acidity), and with the presence of reducing substances such as hydroquinone, cysteine and ascorbic acid and a diminished yield in the presence of organic acids. Moreover the irradiation of water containing oxygen results in a higher H -ion concentration. Methylene-blue reduction occurs with radiation and is hindered by the presence of dissolved oxygen (Loiseleur, 1947) . Tyrosine, deoxyphenylalanine and certain other substances have been shown to undergo oxidation with doses up to 500,000 r. Deamination of amino acids (glycine, alanine and serine) has been demonstrated (Stein and Weiss, 1948b) in the absence of oxygen, resulting in ammonia, aldehyde and keto-acid formation such as result from biological oxidation of such acids by enzymes. Also, the addition of oxygen to benzene rings has been demonstrated under anaerobic conditions as a result of radiation (Stein and Weiss, 1948a) . These experiments prove the formation of OH radicals in water by radiation. In the presence of oxygen the amount of oxidation is increased. The amount of chemical change in certain reactions can be measured colorimetrically and is proportional to dose over a range from 0-50,000 r (Farmer and Weiss, 1948) suggesting that it might be used for dosimetry. The protective effect of a sulphur atom in a molecule is shown by Dale (1947) in the contrast between the protective action of thiourea and that of urea for carboxypeptidase irradiated in solution. Substitution of the oxygen of urea by a sulphur atom increases the protective effect about 2,400 times. This may be of significance when we consider the importance of sulphydryl groups in biological reactions.
Local biological observations. Mitotic inhibition and degeneration.-It has been shown by Spear and his co-workers that radiation in small doses inhibits mitosis and causes degeneration of cells. The inhibition of mitosis can be correlated with the observation by Mitchell (1943) of the inhibition of the production of thymonucleic acid by the enzymes in the nucleolus as a result of radiation. This seems to be a temporary rather than a destructive effect. The degeneration of cells is presumably due to irreversible changes of unknown nature but Wilson et al. (1935) consider that this effect is enhanced in growing tissue with a blood supply and appears at the same time as the blood supply degenerates. They consider that the loss of nutrition is responsible. It may be that this is the case, but the possibility of simultaneous changes occurring in both blood vessels and the tissues they supply, both primarily due to the radiation, is also a possibility as well as degeneration following lack of oxygen. Diffusible substances.-Following the breakdown of cells the products of such breakdown must be set free in the tissues. Jolles (1949) has shown good evidence for the presence in irradiated tissues of a diffusible substance which tends to intensify X-ray reaction in an irradiated field separated from it by a certain distance depending on the size of the field. This fits in with the experience of all radiotherapists that a larger field, from which the passage of such a substance will be more difficult than from a small one, shows more reaction for the same dose and less rapid recovery for the same reaction than a smaller field. This must be a chemical effect. His attempt by means of a chess.board lead filter, to demonstrate an indirect effect of this substance on cancer tissue, is more open to criticism because there must be lateral scatter into the "protected" areas. Doubtless there is an indirect effect as well, but whether it is cancerocidal rather than merely inhibitory as is the effect of direct radiation is not proved and seems unlikely.
Catalase has been shown to occur in increased concentration in the liver in malignant conditions in animals and in view of its function in destroying hydrogen peroxide such an increase might so interfere with the body chemistry as to affect the sensitivity of neoplasm to radiation.
Antibodies are chemical substances. It is thought as a result of the work of Fagraeus (1948) that antibodies are produced in plasma cells which are produced by more primitive cells in response to an antigen. It has been shown (R. G. White, 1949) that irradiation, shortly before an antigen is administered to a rabbit, inhibits antibody formation. If given three or four days afterwards, however, radiation does not inhibit the effect of a second dose of antigen in producing a secondary response, suggesting that the primitive parents of the plasma cell are sensitive but that the plasma cells are insensitive to radiation. In view of the plasma cell infiltration occurring around a malignant tumour one wonders if this is possibly an attempt to bring antibodies to the site by plasma cells which are produced by antigen set free by the break-up of treated cells.
Sepsis is, of course, helped by small doses of radiation, but interferes with the response to radiation of malignant disease. It may be that the inflammatory reaction competes with the malignant cells for the available oxygen thus diminishing the sensitivity of the dividing cells to the radiation.
Bean root tips and oxygen. -Read (1948) has shown that with a concentration of oxygen up to 5 c.c. per litre the sensitivity of the growing root tips of the broad-bean to radiation is increased by increasing concentration of oxygen; This is true for both alpha and X-radiation, but the increase with alpha rays is less in proportion than with X-rays, the roots being about 20 times more sensitive to alpha rays with no oxygen, and 9 times more sensitive with 5 c.c./ litre of oxygen and over. The oxygen favours inhibition of mitosis and production of abnormal mitoses also. He considers that the denser terminal and delta ray tracks of X-radiation and the dense tracks of the alpha radiation produce their own oxygen and thus give rise to HO2 and subsequently to H202. The lack of oxygen in severe anemia might affect the response of a malignant tumour to radiation.
Other substances.-Sulphonamides and other substances which may be given for other purposes might conceivably have an effect on the local response of a treated lesion.
Kelly (Kelly and Dowell, 1942) in his work on gas gangrene demonstrates a difference which is statistically significant indicating that X-rays and sulphonamides together give worse results in gas gangrene than X-rays or sulphonamides only.
Synthetic vitamin K and a series of acridine compounds have been shown to inhibit mitosis. The latter have also been shown to produce nuclear and cytoplasmic degenerations. Nitrogen mustards, trypflavine, urethane, acetone, carcinogens and the sex hormones have been shown (Hohl, 1948) to cause chromosome fragmentation, nuclear pyknosis due to accumulation of thymonucleic acid and injury to the centromere in cells and the changes are said to resemble those due to radiation. It has been suggested that nitrogen mustards cause chromosome bridging by a chemical linkage of two chromatids (Goldacre, Loveless and Ross, 1948) and that X-rays might do the same by oxidizing two S = H groups in adjacent chromosomes. Many of these substances, however, are toxic and are unlikely to be very effective in dealing with malignant disease because of the vulnerability of other dividing cells in the body.
The least toxic are the sex hormones and synthetic vitamin K. Suggested application of the above chemical factors.-The cell is by evolution a relatively invulnerable structure. The nucleus of the cell is its least vulnerable part. The only difference between a normal and a malignant cell is in the urge of the latter to grow and divide, irrespective of the chemical restraint of surrounding tissues. Because of these facts I see little prospect of destruction of cancer cells by chemical substances given systemically without the destruction of other dividing cells in the body. Given in safe doses I expect growth restraint only. Radiation is likely to be the most selective agent because it can penetrate to the nucleus of the cells. As a first essential. therefore, we must aim at using radiation as effectively as possible.
Time intensity relations.-The effect of radiation on tissues is to damage all cells some of which break up or otherwise set free a substance or substances which are damaging to the organism and to the tissues in contact with it. The break up of cells and the amount of diffusible substance set free are both proportional to the dose. The aim must be to give a maximum number of r6ntgens to the malignant cells and to keep the concentration of diffusible substance to a minimum.
The diagrams show the possible behaviour of a toxic diffusible substance resulting from 1 fraction daily compared with 4 fractions daily: (a) with incomplete recovery between fractions ( The toxic effect will depend on the concentration reached by the substance at any time and on the product of the concentration and the time for which it is present. The former is measured by the height of the curves in the diagrams and the latter by the area below the curves. It is seen that if recovery is complete the difference is one of concentration only (Fig. 2 ). If recovery is incomplete there is, in addition, a difference in dose of diffusible substance (Fig. 1 ) which is present, however, only during the first few days of the treatment. The concentration of the diffusible substance must always be less if there are more fractions, and the higher concentration is more toxic than the low one and is present for a longer time. Therefore the damage done is likely to be greater for the same rontgen dose. This may account for the slighter effects seen on normal tissues with protracted fractionation methods than with simple fractionation and with continuous or interrupted gamma ray treatment, requiring long exposure with low dosage rate, than with the high dosage rate of X-ray treatment. Thus by multiplying the number of fractions it should be possible to give many more rontgens.
Gray's hypothesis (1944) suggests that for four times the number of fractions twice the dose can be given, i.e. instead of 4,000 r 8,000 r in one month. This hypothesis is related only to chromosome breaks. It is likely that the formation of a diffusible substance modifies the reaction, resulting in diminished tolerance with increased area and increased tolerance with increasing fractionation.
The larger the volume to be treated, provided one is not treating the whole of the hemopoietic system, the greater the number of fractions which should be administered for a given r6ntgen dose.
Protection by radiation against radiation.-In view of the suggested antibody effect it is theoretically advisable to start with small doses of radiation and even possibly to allow an interval of a week or so to enable the antibody mechanism to become active against the tumour.
Radiation in large doses has been shown to protect animals against subsequent radiation. This is not justifiable in the case of human beings-even with the threat of an atomic bombunless it is possible to demonstrate that the reaction can be obtained safely. It may be that the production of a chemical substance in the skin is a factor in the protection and that some degree of immunity might be afforded by giving safe doses of non-penetrating radiation to the skin only. This possibility should be explored.
It is a not uncommon experience of radiotherapists to find that seven to ten days' rest from treatment of a patient, who at the end of one week's treatment appears to be tolerating a bath treatment badly, enables the patient to complete treatment to a high dose (e.g. 3,000 r in five weeks to the whole abdomen) without difficulty.
Giving chemical substances.-Oxygen is the obvious substance to use in view of the effect on the radiosensitivity of the bean root. I have, injected hydrogen peroxide into the middle of a necrosing malignant gland which cleared up completely following a course of radiation. The injection was given just before treatment on each occasion.
Read's experiments show that the maximum sensitizing effect of oxygen is reached at 4 I \\ \V a tension of 5 c.c./litre. The following calculation shows how this might be attempted in the tissues:
In normal arterial plasma the oxygen dissolved is 0 3 c.c./100 c.c. = 3 c.c./litre. Tension = 90 mm.Hg.
Normally in the tissues the oxygen tension = about 40 mm.Hg. .,. Dissolved oxygen = 1-3 c.c./litre in tissues.
In view of Read's work it seems that an increase in the amount of dissolved oxygen may increase all sensitivity to radiation.
By giving 90 % oxygen during treatment, tension in alveolar air = about 700 mm.Hg. Tension in arterial blood = ? 630 mm.Hg, i.e. 21 c.c./litre. Amount dissolved in tissues = ? 7 c.c./litre.
This will tend to increase the oxygen content at the site of malignant cells, especially when the blood supply is poor.
HYDROGEN-ION CONCENTRATION
Higher H+ concentration causes increase in H202 production in water. Whether this can be influenced significantly is doubtful but CO2 given with oxygen might help.
A meat diet (Paterson et al., 1948) increases general sensitivity to radiation of mice and also tends to produce an acidosis. Whether this would apply to tumours also remains to be seen.
Synkavit. has shown a significant improvement in advanced cases of cancer treated with large doses of synthetic vitamin K in conjunction with radical and palliative X-ray treatment. The idea behind the method was by using a chemical substance to try to block the synthesis of nucleic acids by a different mechanism from that by which radiation does so. The substance causes inhibition of mitosis in tissue culture of fibroblasts and although gross structural changes are considered to be those of most importance in killing cells by radiation, the combined effect of the radiation and synkavit indicated significant reinforcement of the effects of radiation by the synkavit.
Clinical trials in 240 patients with various types of advanced malignant tumours showed that the compound, which is of low toxicity, is best given as daily intravenous injections.
In 130 cases it was given intramuscularly and in 110 cases intravenously. Focal pain or focal sensation in the region of the tumour were a common result of large intravenous doses.
Mitchell attributes this to temporary cell cedema. Clinically a small but useful improvement in palliative results is shown by about one-quarter of all the cases of advanced cancer treated by this method and a small but significant increase in survival time with X-ray treatment in inoperable histologically proved cases of carcinoma of the bronchus. Retrogression of tumour cells has been demonstrated histologically by synkavit alone in certain cases of adenocarcinoma. Using ultraviolet photomicrography it has been shown to produce chromosome fragmentation different in appearance from that produced by X-rays. Mitchell and his group have used tissue culture methods to study the antimitotic activity of other substances and it has been shown that the mitotic inhibition produced by some quinones and maleic acid parallels the interaction with -SH compounds. It seems to me that this compound synkavit might inhibit mitosis by a selective blocking of important chemical -SH groups in the cell and that it might help the effect of X-rays by preventing these -SH groups from "protecting" the substances in the cells on which the effect of X-rays is most damaging. As already mentioned, thiourea has been shown by Dale to be very protective and it contains a sulphur atom, its only difference from urea which is a very inefficient protector.
Other substances which act as protoplasmic poisons such as urethane, nitrogen mustards and acridine derivatives might also have an effect on malignant cells which would reinforce the effect of X-rays. Certainly, in the doses in which they have commonly been used, hitherto, it would be folly to try to combine them with radiation, but there is room for clinical experiment with smaller non-toxic doses so that the essential body tissues such as htmopoietic tissue are not unduly affected. Laboratory investigations of the type being directed by Professor Mitchell would indicate whether these substances offer any hope of an action similar to that of synkavit. Professor Mitchell told me that synkavit-treated cases tend to develop an early severe reaction with X-rays. My experience with patients who have developed such a fierce early reaction with X-ray treatment only is that they do much better than one would expect-and that with a dose only about half of the usual intended dose of radiation. It may be that such patients have in their tissues some such chemical sensitizer. Two at least of such patients who recovered completely from extensive lesions, with no obvious residual normal tissue changes, were very much addicted to beer. Following up such a clue might be worth while.
As in all biological work, clinical radiofherapy is a very difficult subject in which to be sure of a true comparison between cases. Because of this, conclusions are hard to draw, except from large series of cases, but even these must be carefully watched. Synkavit is JUNE-RADIOL. 2 not a common vitamin to be given routinely, but many of the other vitamins (especially pyridoxine) are commonly administered for radiation sickness. We cannot say definitely whether they have any effect on the radiosensitivity of tumours. Again, the powerful antibiotics such as sulphonamides and penicillin might have more far-reaching effects in this respect than we have hitherto supposed. The important point which arises here is that, to ensure that wrong conclusions are not drawn subsequently from the statistical analysis of results, the exhibition of certain substances known to have important specific effects on living tissues should be carefully recorded in the radiotherapy notes in adequate detail, and also a record of the hkmoglobin during treatment should be kept because of the possible importance of oxygen. It is essential that controlled tests should be carried out to evaluate the effect, if any, of the many substances which may be administered to patients as supposedly without effect on radiosensitivity.
Hormones are in a similar position. They are all produced normally and a balance is maintained between the various endocrine secretions. The maintenance of this balance is thought to be the function of the pituitary gland.
We all know that a thyrotoxic patient has a more radiosensitive skin but we know nothing about the relative radiosensitivity of tumours in the presence of excess of thyroxin.
The administration of testosterone and synthetic cestrogen is a useful method of influencing some malignant growths, especially of the breast and the prostate.
I am reasonably sure that stilboestrol improves the response of some tumours to radiation; a useful factor in dealing with ulcerating breast cancer. But the effectiveness of both testosterone and stilbeestrol diminishes as they continue to be used. It seems that this might be partly, at any rate, due to the controlling influence of the pituitary. How may such influence be established and used to help us in treating cancer? The growth hormone originates in the eosinophil cells of the pituitary and may influence cancer growth. No one knows if it has any influence on sensitivity to radiation of the malignant cells. Doderlein of Munich used to irradiate the pituitary routinely in treating cases of cancer of the cervix uteri (League of Nations publication on Carcinoma of the Cervix) and a case has been mentioned to me in which irradiation of the pituitary improved the radiosensitivity of a tumour (Binnie, pers. comm.). Some technique for testing the effect of such substances and procedures clinically is obviously required. Methods which suggest themselves are tissue culture and bean roots in the laboratory, and the use of P32 uptake as an index of growth activity in clinical work.
Chemotherapy of cancer has been developed during recent years and so far has been disappointing. I think this is inherent in the nature of the nucleus of the cell and the similarity of malignant and normal cells. Malignant cells differ only in the fact that they multiply with no regard for the needs of the body as a whole and the nucleus of any cell is likely to be relatively invulnerable to chemical substances so that a permanent, complete systemic destruction of cancer by such substances seems to me improbable. There is a case for combining radiation with effective chemotherapeutic substances which might enable adequate destruction of cancer in larger volumes with smaller doses of radiation than are necessary without such reinforcement.
The general effects of radiation due to, and influenced by, chemical factors are a very important aspect of this subject but it cannot be dealt with in this present discussion. STEIN, G., and WEISS, J. (1948a) Nature, 161, 650; (1948b) The influence of the protein content of the diet on the response to radiation of tumours in the rat.-These investigations of the effect of diet on the response of tumours to radiation were the outcome of the discovery that the body growthand tumour growth-inhibitory action of carcinogenic chemicals is profoundly influenced by the protein content of the diet (Elson and Warren, 1947; Elson and Haddow, 1947; Elson, 1948 Elson, , 1949 . In rats maintained on a 20% protein diet, injection of the carcinogen usually has little immediate effect on body growth, but a delayed action generally resulting in rapid loss of weight which may lead to the death of the animal often occurs later. Animals maintained on a 10% protein diet, however, usually show an immediate growth-inhibitory response to treatment with the chemical.
Implanted Walker Rat Carcinoma 256 shows a similar effect of diet on its response to -growth-inhibitory chemicals. This effect is seen most strikingly in a type of experiment in which the inhibitor is administered in a single dose given about twenty-four hours after implantation of the tumour and the animals killed about fourteen days afterwards, the tumours being then dissected out and their weights compared with those of similar tumours in control, untreated animals. In one experiment of this type, using the carcinogenic, growthinhibitory 2S-chloro-4-dimethylaminostilbene (150 mg./kg.) the average tumour weight in a group of 9 control animals maintained on a 20% protein diet and killed eleven days after the tumour implantation was 12 2 grammes whilst the average tumour weight in the treated groups was 11H4 grammes. Thus little tumour-inhibiting action of the compound is observed in animals maintained on this high protein diet, the ratio of the average weight of tumours in control animals to average weight of tumours in treated animals (C) being I 1. In similar groups of animals treated under the same conditions except for being maintained on a low (5 %) protein diet the weights of the tumours of the control animals were very little different from these of the controls in the 20% protein diet group, the average weight being 11 -6 grammes. The tumours of the treated animals in this 5 % protein group, however, showed a very marked inhibitory effect of the chemical and only attained an average weight of 0-6 C gramme, giving a ratio = 193 (Elson, 1949) . Fig. 1 shows a photograph of the tumours obtained in another experiment with two groups of rats both treated with this same compound, WALKER RAT CARCINOMA 256. but the tumours on the left are from the group maintained on a 20% protein diet, whilst those on the right are from the group maintained on a 5 % protein diet. (The control tumours which again grew to about the same size in both groups of rats are not shown here, but the T ratios are given.) This protective effect of diet has been observed with all types of tumourinhibiting chemicals so far tested, including the so-called "radiomimetic" substances such as the nitrogen mustards, and suggests that the cause of their growth-inhibiting action may be an interference with the availability or with the synthesis of proteins necessary for growth. Little is known of the actual mechanism of protein synthesis, but it has been suggested that it may be closely linked with nucleic acid metabolism (Caspersson, 1947) . Following this suggestion it was found that the growth-inhibiting hydrocarbon 1: 2: 5: 6-dibenzanthracene when injected into rats caused an increase in the ratio of pentose nucleic to deoxypentose nucleic acid in the liver, as a result of a fall in concentration of the latter (Elson and Harris, 1947 ).
An initial decrease in cellular deoxypentose nucleic acid was found by Stowell (1945) after X-irradiation of transplanted mouse mammary carcinoma and Mitchell (1942) from investigations of human tumours treated by X-radiation considered that an effect of the radiation was to inhibit the conversion of pentose nucleic to deoxypentose nucleic acid.
There appears therefore to be considerable similarity between the action of chemicals and radiation in this respect and an investigation of whether the profound effects of diet on the response of tumours to chemicals are also evident in their response to radiation appeared to be of considerable practical and theoretical importance. A preliminary study has now been carried out in collaboration with Dr. L. F. Lamerton.
Whole body X-radiation.-A first experiment was to try the effect of whole body radiation on rats implanted with Walker Carcinoma 256 under conditions approximating to those used in the experiments with chemicals. With a daily dose of 100 r per day for eight days the ratio T-when the rats were killed after eleven days was 2 9 for the group maintained on the 20% protein diet and 5 7 for the group receiving the 5 % protein diet.
A similar greater response of the tumours in those animals receiving the low protein diet was thus also observed in the radiation treatment although the actual degree of inhibition was not as great as can be obtained with some chemicals.
The great advantage of X-ray treatment, however, is that it can be applied directly to the tumour in doses much larger than could be tolerated if applied to the whole animal, and the effect of diet under conditions which approach more nearly to those used in radiotherapy of human cancer comprised the main part of the investigation.
Direct irradiation ofestablished tumours.-For these experiments the tumours were allowed to grow untreated for six days after implantation. Daily estimates of the size of the tumours were then made by measurement with calipers along two axes at right-angles. The estimate of the area (sq. mm.) obtained by multiplying these two figures was plotted against the number of days after implantation to show the progress of growth of the tumour.
For the radiation experiments tumours were selected which had reached approximately equal sizes (350 mm.2-450 mm.2-six days after implantation).
Control tumours in animals maintained on both high and low protein diets thus selected usually grow to a size of about 2,000-3,000 mm.2 in seventeen to twenty days when death of the animal occurs.
A total dose of radiation of 4,000 r was used and, in the first experiments, this was applied in daily doses of 250 r. The results (Fig. 2 ,from Elson and Lamerton, 1949) show, in the group of 4 animals maintained on the 20% protein diet, only a slight retardation of tumour growth compared with that of controls. The average survival time of the animals was twenty-eight days compared with nineteen days for controls. The group maintained on the 5% protein diet showed almost complete inhibition of tumour growth for a considerable time but eventually the tumours developed areas of necrosis which ugually become infected but growth may be resumed before the death of the animal occurs. The average survival time, forty-four days, was considerably longer than that of the high protein group. No animal in either group was cured by this radiation treatment. The dosage rate was then increased to 400 r per day whilst still maintaining the total dose at 4,000 r. Under this treatment the tumours of the animals maintained on the 20% protein diet at first grew more rapidly than those of the 5% protein diet group. Soon, however, these 20 % protein diet group tumours ceased to grow and began to decrease in size and in 3 out of 5 animals eventually regressed completely by a "shelling-out" process. The other two showed partial regression but eventually grew again. In the group of animals maintained on the 5 % protein diet only one tumour out of 5 regressed whilst the others grew at a much reduced rate, eventually resuming a more rapid growth rate before causing death. It seems therefore that although the growth-retarding action of radiation may be greater when the animals are maintained on a low protein diet, the degree of tumour regression and ability of the animal to rid itself of the tumour may be favoured by a high protein diet.
Section of Radioloqy
This idea was pursued in experiments increasing the daily dose rate to 600 r and changing the diet of the 5% protein group to 20% protein at the commencement of radiation. A daily dose of 600 r over seven days (to keep the total dose at approximately 4,000 r) was found, however, to be approaching the limit of tolerance of the animal for the radiation and the period of treatment seemed to be of too short duration for complete control of the tumours. Some fractionation of the dose was therefore indicated and it was found that the best method of fractionation was as follows: 1,000 r --500 r, 500 r --500 r, 500 r --500 r --, 250 r --250 r ( --represent two days on which no treatment was given). The total dose of 4,000 r was thus spread over eighteen days. The result of an experiment with this fractionated dosage is shown in Fig. 3 (from Elson and Lamerton, 1949) . The large initial dose (1,000 r) appears here to have such a strong inhibiting effect on the tumours that a marked difference is no longer observed between the initial response of low and high protein diet animals. The effect of the high protein diet on the process of tumour regression and on the ability of the animal to rid itself of the tumour now becomes the most important factor in deciding the response of the animal to treatment.
In this particular experiment all animals maintained on the 20%0 protein diet were cured compared with only one cure in those maintained on the 5 % protein diet. From a number of experiments with this fractionation technique used on tumours of a similar size and growth rate, complete regressions have been obtained in nearly 90% of the animals maintained on the high protein diet, but in only about 15% of those maintained on the low protein diet. These experiments suggest therefore that to secure the most favourable response of the Walker rat carcinoma to radiation a primary necessity is suitable fractionation of the dose. The subsequent behaviour of the tumour may then be determined to a very large extent by the nature of the diet of the animal.
In considering this dietary effect one must separate to some extent the processes which determine (a) the initial response of the tumour, and (b) the elimination of the inhibited tumour and cure of the animal. Process (a) is found to be favoured by a low protein diet and process (b) by a high protein diet.
By suitable fractionation of the dose, however, it is possible to apply direct to the tumour a first dose of radiation sufficiently high to bring about an adequate initial growth-inhibitory response even in animals maintained on a high protein diet, so that the subsequent outcome of the treatment then depends almost entirely on process (b) and a favourable result is thus to a very large extent dependent on a high protein content of the diet.
The question now arises of the nature of this effect of high protein diet and here a wide field of investigation is opened up, whether for instance a certain type of protein (casein has been the main dietary protein used so far) or any of its constituent amino-acids are particularly concerned and whether other nutritional or hormonal factors can contribute to the effectiveness of the treatment.
Investigations of this nature are therefore being carried out in which the weight and food intake of each animal are recorded daily together with the progress of the tumour.
Since the radiation treatment has an inhibiting effect on the growth of the whole animal as well as on the growth of the tumour, the end-result depends not only on the tumourinhibiting action of the radiation but also to a considerable extent on the capacity of the animal to withstand deleterious effects. In some cases it appears possible that it may even depend in the first place on the ability of the animal to regain quickly or surpass its normal daily food intake after each treatment. Thus in Fig. 4 the first (and largest) dose of radiation caused only a slight loss in weight of the animal and very slight diminution in food intake. The animal quickly recovered and thereafter during the whole of the period of radiation maintained an average daily food intake rather higher than its daily average before implantation of the tumour: this animal was cured. The rat represented in Fig. 5, however, showed a diminished on a 20% protein diet and treated with X-radiation, fractionated doses, total 4,000 r. ing the first radiation treatment and during the whole period of treatment never regained the daily food intake of 10-7 grammes which was its average in the period before tumour implantation. This animal was not cured by the radiation treatment.
Such results suggest the possibility that some sort of protein efficiency index may be developed which may act as a guide to the probable reaction of the animal to the therapeutic agent. A more rational approach to the problem of cancer therapy is thus envisaged in which the growth-inhibitory action of the therapeutic agent is applied so that its maximum effects can be directed to the tumour itself, and deleterious effects on the animal minimized by suitable dietary or other means. departure from all the existing methods in use, in both fundamentals and technical details, portions of the tumour 1 cm. square are exposed to radiation while other portions of similar area are protected so that important structures remain undamaged and can contribute to repair. After a suitable period of treatment another chessboard sieve, in which the order of opaque and transparent areas is reversed, is used, and the previously untreated areas are exposed while the already treated areas are protected and their recovery not hindered.
The time factor, which in the conventional radiotherapeutic methods is related to the cell life-cycle and to the attainment of the highest tolerable dose with the avoidance of damage to the skin, in the alternating chessboard method assumes a new complexion. It is to the recovery period of connective-tissue fibres, fibroblasts, &c., that prime consideration in the distribution of the dose of radiation is given.
The sieve method permits the histological study of the various reactions taking place in normal and malignant tissues, and the study of the relative importance of these various reactions in the radiation response of tumours.
In a series of experiments carried out on volunteers, a dose of X-rays was given to two small areas of skin separated by varying widths of untreated protected skin, and the reactions produced were significantly bigger than that over a single area of skin exposed to the same dose of radiation. When, however, the separation between the two paired areas was greater than a certain minimum value, the reaction was equal to that of a single area at a symmetrical site. The separation value which cancelled this reciprocal vicinity effect was, for areas 1-56 cm. by 1 56 cm., approximately 2-5 cm. For areas 2-5 cm. by 2-5 cm. a separation of at least 3 cm., and for areas 3 5 cm. by 3 5 cm. a separation of more than 4 cm. was required to abolish the vicinity effect (Jolles, 1949b (Jolles, , 1950 (4 slides shown).
It was previously stated (Jolles, 1941) that, the dose per unit area remaining unchanged, the reaction becomes a minimum when the normal tissues can exert their maximum protective role. In practice, this has proved to be the case in both X-ray and interstitial radium therapy. Introducing the perimeter/area and the shell area/volume ratios, a more comprehensive set of data are at hand when assessing the tolerable and optimal effective doses (Jolles, 1946 (Jolles, , 1947 (Jolles, , 1948 .
The reciprocal vicinity effect of irradiated tissues is brought about by a complex mechanism in which, among others, a diffusible substance produced in the directly irradiated parts might play a role. It is tentatively suggested that apart from the reactivity of the surrounding not irradiated tissues this diffusible substance might be responsible for the events taking place in the parts of tumour shielded from the direct beam.
The hypothesis of a diffusible substance would lead not only to the expectation of the reaction produced by a given dose being less when the area to which it was administered was less, but also to the expectation that a given dose given in a short time would produce a greater effect than the same dose given to an equal area but spread over a longer time by fractionation or by reduction of intensity. For when the radiation is administered slowly the diffusible substance would diffuse away from the irradiated area too rapidly for the necessary concentration for the skin reaction to he achieved. environment in the radiation reaction of the Walker carcinoma. It has been shown that the sensitivity to X-rays can be influenced by diet. While the sensitivity of tumour-cells as measured by the chromosome injuries is the same in animals kept on different diets, the radiation reaction of the connective tissue capsule is more favourable on high than on low protein diet. The histological organization of the connective tissue capsule around the implanted tumour differs on the two diets. It seems that the histological structure and degree of radiation response of the tumour-bed are closely related, and that in the destruction of tumours its role is very important. We have more evidence in hand to show that the reaction of tumour environment to radiation can be influenced by physical and chemical means. The chessboard method of Dr. Jolles, by which the radiation dose is fractionated in time and space and the employment of synkavit by Professor Mitchell demonstrate the practicability of applying this fundamental principle in the treatment of human carcinomata.
Dr. L. F. Lamerton, in reply to a question on the epilation dose, said that the hair of the rats had in fact grown after a total dose of 4,000 r.
